1. Introduction {#sec1}
===============

5-Cyanovaleramide (5-CVAM) is an important intermediate of azafenidin, which is a new kind of herbicide with high potency, low toxicity, and no long-term adverse effects on the environment. It is also used for manufacturing 6-aminocaproic amide, which is an important intermediate in the synthesis of an important chemical raw material, caprolactam.^[@ref1]^ Chemical processes for the production of 5-CVAM from adiponitrile usually require harsh conditions like high temperature and pressure.^[@ref2]^ Even worse, it is rather difficult to conduct regioselective hydrolysis of dinitriles by chemical methods in a single step, thus leading to a low yield and low purity of 5-CVAM.^[@ref3]^

The biocatalytic process for the hydration of nitriles has been successfully adopted in the chemical industry for production of amides, but most of the microorganisms with nitrile hydratase have no region selectivity toward the cyano-groups and only convert the adiponitrile to adipamide directly. Up to now, the number of microorganisms that can produce 5-CVAM from adiponitrile is rather limited. They are the strains *Pseudomonas chlororaphis* B23, *Pseudomonas* sp. SY031, and *Rhodococcus ruber* CGMCC3090, which have been reported to be regioselective catalysts for the production of 5-CVAM with different catalytic efficiencies.^[@ref4]−[@ref7]^ In the biotransformation of adiponitrile to 5-CVAM by *Pseudomonas* sp. SY031 resting cells, the optimum substrate concentration of adiponitrile was detected at 10 mM, and a further increase in the substrate concentration decreased the enzyme activity. *R. ruber* CGMCC3090 was reported to have an efficient selectivity (99%) for hydrolyzing adiponitrile to 5-CVAM; the resting cells were effective in converting adiponitrile at high concentrations (up to 2.0 M). However, only *P. chlororaphis* B23 has been immobilized for industrial production of 5-CVAM until now. Therefore, exploring the new strain with high regioselective nitrile hydratase that can produce high yield 5-CVAM has become an urgent and attractive alternative in the industrial application prospects.

Nitrile hydratase (NHase, EC 4.2.1.84) is one of the key enzymes in nitrile metabolism that catalyze nitriles to amides by hydration.^[@ref7]^ So far, the NHase-producing microorganisms are one of the few bacterial families that have been selected as NHase producers using selective media.^[@ref8],[@ref9]^ NHase with higher activity and better stability can elevate the product tolerance capacity while at the same time convert nitriles to its amides.^[@ref10],[@ref11]^ To achieve this target, the homologous and heterologous cloning of NHase is an important tool to express NHase with considerably high activity in different organisms.^[@ref12],[@ref13]^ Using a metagenomic approach, nitrile hydratase gene-encoding enzymes are highly similar to those organisms that were detected in soil samples.^[@ref14]^

Herein, for the first time, we report *Rhodococcus erythropolis* CCM2595 that exhibited potential in the bioconversion of nitriles, especially in dinitrile, which was shown to degrade only phenol, hydroxybenzoate, *p*-chlorophenol, aniline, and other aromatic compounds.^[@ref15]−[@ref18]^ We have discovered the efficient biocatalytic activity of nitriles over the ReNHase from *R. erythropolis* CCM2595. According to its cofactor, we found that ReNHase belongs to Fe-containing NHases, which exhibited high regioselectivity with higher substrate specificity toward dinitriles (especially adiponitrile) while with lower specificity toward mononitriles. This work provides a novel ReNHase derived from *R. erythropolis* CCM2595 with high catalytic regioselectivity and promised a potential industrial application prospect in the future.

2. Results and Discussion {#sec2}
=========================

We first constructed and confirmed the plasmid with plasmid vector pET-24a(+) in which the gene of ReNHase (NHase from *R. erythropolis*) was from the strain *R. erythropolis* CCM2595 ([Figures S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02188/suppl_file/ao0c02188_si_001.pdf)). The plasmid was digested by double restriction enzymes and verified by agarose gel electrophores ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). The encoding ReNHase was cloned and overexpressed in *Escherichia coli* ArcticExpress and (DE3) and *E. coli* BL21 (DE3). The sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) results showed that the target gene was successfully overexpressed in recombinant *E. coli* ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b).

![(a) Plasmid digestion electrophoresis. Lane 1, untreated plasmid; lane 2, plasmid digested by NdeI-HindIII 2589/5257 bp; lane 3, DNA marker. (b) Expression of the ReNHase from recombinant *E. coli*. Lane 1, 16 °C induced disrupted supernatant (ArcticExpress (DE3)); lane 2, 16 °C induced fragmentation (ArcticExpress (DE3)); lane 3, 37 °C induced disrupted supernatant (BL21 (DE3)); lane 4, 37 °C induced fragmentation (BL21 (DE3)); lane 5, negative control of fragmentation; lane 6, negative control of disrupted supernatant; lane M, protein marker.](ao0c02188_0001){#fig1}

Based on the above results, the substrate scope of the new heterologous ReNHase was tested and the efficient transformation of nitriles over the ReNHase was investigated ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). We tested different nitriles (aliphatic mono- and dinitriles and aromatic compounds) at 20 mM concentration with ReNHase to detect its substrate specificity ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Due to the poor solubility in water, the reaction concentration of terephthalonitrile was only 2 mM. Higher substrate specificity was observed toward dinitriles (especially adiponitrile), whereas lower specificity was observed toward mononitrile. ReNHase could convert 20 mM adiponitrile completely within 10 min, while malononitrile was totally converted after it was treated for 3 h. Interestingly, the ReNHase showed a considerable regioselectivity for the hydration of dinitriles, which catalyzed the formation of monocyanoamide products.

![Chromatographic analysis of selectivity of ReNHase toward nitriles. (a) regioselectivity of recombinant ReNHase toward adiponitrile. (b) Regioselectivity of recombinant ReNHase toward malononitrile. (c) Regioselectivity of recombinant ReNHase toward terephthalonitrile. (d) Selectivity of recombinant ReNHase toward 3-cyanopyridine. (e) Selectivity of recombinant ReNHase toward acrylonitrile. (f) Selectivity of recombinant ReNHase toward benzonitrile. (a--d, f) Used HPLC analysis and (e) used GC analysis.](ao0c02188_0002){#fig2}

###### ReNHase-Catalyzed Hydration of Different Nitriles

  nitriles             reaction time   conversion (%)   regioselectivity (%)   
  -------------------- --------------- ---------------- ---------------------- ------------
  adiponitrile         10 min          100              5-CVAM                 95 ± 0.8
  adipamide            5 ± 0.8                                                 
  malononitrile        3 h             100              cyanoacetamide         84.2 ± 1.5
  malonamide           15.8 ± 1.5                                              
  terephthalonitrile   30 min          100              4-cyanobenzamide       31.5 ± 1.2
  terephthalamide      68.5 ± 1.2                                              
  3-cyanopyridine      48 h            24 ± 1.5         nicotinamide           100
  acrylonitrile        48 h            18.5 ± 2.1       acrylamide             100
  benzonitrile         48 h            43.6 ± 1.2       benzamide              100

When treating adiponitrile with resting cells, both the conversion of adiponitrile and the formation of 5-CVAM and adipamide were observed, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. The adiponitrile was completely consumed within 10 min. The enzyme activity was 635 U/g (DCW). 5-CVAM was the main product, and only a low yield of adipamide was observed in this reaction, indicating the high regioselectivity of the nitrile hydratase in *R. erythropolis* CCM2595. Meanwhile, the results indicated that the ReNHase-catalyzed hydration of adiponitrile is a consecutive reaction. The reaction pathway is shown in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}. Adiponitrile was first transformed into 5-CVAM and then further transformed into adipamide. The reaction rate for 5-CVAM formation was larger than that for adipamide formation.

![Time course of production of 5-CVAM by the recombinant ReNHase *E. coli* cells. Symbols: adiponitrile (black square), 5-CVAM (red circle), adipamide (blue triangle). The error bars represent mean ± SD (*n* = 3).](ao0c02188_0003){#fig3}

![Reaction Pathway of ReNHase-Catalyzed Hydration of Adiponitrile](ao0c02188_0006){#sch1}

The effect of temperature and pH on adiponitrile converting by the recombinant *E. coli* cells is also shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. The reactivity was enhanced by increasing the temperature from 20 to 35 °C, while an abrupt decrease was observed at 40 °C, which was assumed to be due to partial enzyme deactivation at higher temperatures ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,b). Therefore, the optimal temperature was set to 30 °C. The recombinant *E. coli* cells retained activities of 93% at 30 °C. Additionally, the half-life of the activity at 40 °C was less than 1 h ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). We also found that there was little loss of activity when the cells were held at pH = 5 over 1 h ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c). The change of ReNHase activity was almost negligible with the pH ranging from 6.0 to 8.0. Compared with the acidic environment, the alkaline environment reduces the activity of ReNHase at a much faster pace. The results showed that the optimum pH was 7.0 phosphate buffer ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d).

![Effects of temperature and pH on recombinant *E. coli* cells. (a) Thermal stability. (b) Optimal temperature. (c) pH stability. (d) Optimal pH. The highest activity was set to 100%. The error bars represent mean ± SD (*n* = 3).](ao0c02188_0004){#fig4}

To investigate the tolerance of nitrile hydratase to adiponitrile for industrial application, we detected the effect of adiponitrile concentration on the specific reaction rate ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). At low concentrations, the specific reaction rate gradually increased with the increased adiponitrile concentration.

![Effect of adiponitrile concentration on bioconversion. Substrate concentration ranged from 20 to 300 mM. The resting cells were approximately 2.4 mg DCW mL^--1^. The error bars represent mean ± SD (*n* = 3).](ao0c02188_0005){#fig5}

The maximum specific reaction rate, which was induced by 50 mM adiponitrile, was 6.67 mmol/min/g. It was reported by Gerasimova et al. who first proposed the concept of cyano-tolerant of nitrile hydratase that two strains, *Pseudomonas marginales* MA32 and *Pseudomonas putida* MA113, possessed strong tolerance to cyanide from soil.^[@ref19]^ Both of the two strains showed that their cyano-tolerance concentration can reach up to 100 mmoL/L, which was reported to be the highest cyano-tolerance. It is noticeable that our recombinant *E. coli* cells showed higher substrate tolerance in this work compared with the above two strains. The recombinant *E. coli* cells could completely convert 200 mM adiponitrile in 5 h. In view of the poor water solubility of nitriles, it is more valuable to increase the solubility by adding some organic solvents to improve the catalytic efficiency in the future.^[@ref20]^

3. Conclusions and Outlook {#sec3}
==========================

Summarizing, the ReNHase from *R. erythropolis* CCM2595 was discovered and its enzymatic properties were roughly explored. In addition to the high yield of 5-CVAM that is attributed to its high regioselective catalytic activity of ReNHase, it also exhibited a high substrate concentration tolerance toward adiponitrile. In view of the vital use of ReNHase in the industry, further investigation of the purification and the mechanism of regioselective nitrile degradation and its physiological functions is required. The crystal structure of ReNHase from *R. erythropolis* CCM2595 also needs to be explored to reveal the reactive sites, which should further help improve the catalytic efficiency of ReNHase for prospective industrial application.

4. Materials and Methods {#sec4}
========================

4.1. Chemicals {#sec4.1}
--------------

5-Cyanovaleramide was bought from Toronto Research Chemicals Inc., Canada. Malonamide and cyanoacetamide were purchased from Shanghai Aladdin Bio-Chem Technology Co., Ltd. Adiponitrile, adipamide, malononitrile, terephthalonitrile, 4-cyanobenzamide, terephthalamide, 3-cyanopyridine, nicotinamide, acrylonitrile, acrylamide, benzonitrile, and benzamide were obtained from Shanghai Macklin Biochemical Co., Ltd. All the reagents are analytical grade or higher.

4.2. Plasmid Construction {#sec4.2}
-------------------------

The strain *R. erythropolis* CCM2595 was the source of the nitrile hydratase gene. The gene encoding nitrile hydratase (GenBank accession no. JQ023030.2) was amplified by polymerase chain reaction (PCR). Plasmid pET24a(+) was used for expression of ReNHase. The nitrile hydratase gene was cloned into the NdeI (CATATG) and HindIII (AAGCTT) site of pET24a(+) (Novagen). DNA sequencing of the insert gene was confirmed using a Chromas and DNASTAR system. The constructed plasmid was transformed into the strain *E. coli* ArcticExpress (DE3) as host cells.

4.3. Expression of ReNHase {#sec4.3}
--------------------------

Recombinant *E. coli* cells were grown at 37 °C in an LB medium (peptone, 10 g/L; yeast extract, 5 g/L; NaCl, 10 g/L) supplemented with kanamycin (50 μg/mL) and shaken overnight. When the optical density at 600 nm (OD 600) of the culture reached 0.8, isopropyl-β-[d]{.smallcaps}-1-thiogalactoside (IPTG) was added to a final concentration of 0.1 mM to induce ReNHase expression for 18 h at 16 °C. After cultivation, the cells were harvested by centrifugation at 4 °C, 4000 g for 10 min, and washed twice with phosphate-buffered saline (pH 7.4), which were stored at 4 °C for further reaction.

4.4. Conversion of Nitriles by Recombinant ReNHase Biocatalyst {#sec4.4}
--------------------------------------------------------------

ReNHase activity was assayed at 30 °C with shaking for 10 min. The reaction mixtures (0.5 mL) contained a 20 mM substrate, 200 mM phosphate buffer (pH 7.4), and resting cells (approximately 3 mg DCW mL^--1^). The reaction was initiated by the addition of the substrate and stopped by adding 0.5 mL of methanol. After centrifugation at 18,000 g, the supernatant was diluted to an appropriate multiple and filtered through a 0.22 μm filter membrane to be sampled for further detection. One unit of ReNHase activity was defined as the amount of resting cells that was used for the formation of 1 μmol products per min. All experiments were done with three replicates.

4.5. Effects of Temperature and pH on the Activity of Recombinant ReNHase *E. coli* Strain {#sec4.5}
------------------------------------------------------------------------------------------

The optimal temperature for the catalytic activity of adiponitrile by ReNHase was determined by performing tests in 200 mM phosphate buffer at pH 7.0 containing 20 mM adiponitrile between 20 and 50 °C. The optimal pH was determined by performing tests at the optimal temperature. Aliquots of phosphate-buffered saline at different pH values between pH 4 and 9 that contained 20 mM adiponitrile were used. The effects of the pH on ReNHase stability were assessed by performing preliminary tests in which mixtures of ReNHase and phosphate buffer are between pH 4 and 9 and incubated at 30 °C for 1 h with shaking at 220 rpm. The effects of the temperature on ReNHase stability were assessed by performing preliminary tests in which mixtures of ReNHase and phosphate buffer at pH 7 are incubated between 20 and 50 °C for 1 h with shaking at 220 rpm. The assay reaction time was 10 min. Each further test of ReNHase activity was performed at the optimal temperature and pH.

4.6. Analytical Methods {#sec4.6}
-----------------------

Products were quantified by high-performance liquid chromatography (HPLC) using an Ultimate LP-C18 column (4.6 × 250 mm, 5 μm) with a UV detector. For adiponitrile and malononitrile, the following solvent system was 25 mm H3PO4 buffer (pH 2.5) and methanol (89/11, v/v) at 1 mL/min. A wavelength of 200/210 nm was used for monitoring. For 3-cyanopyridine, benzonitrile, and terephthalonitrile, the solvent systems were water and acetonitrile (67/33, 55/45, and 75/25, v/v, respectively) at 0.8 mL/min. A wavelength of 215/230/254 nm was used for monitoring. Acrylonitrile and acrylamide were measured by GC using a FFAP GC column (30 m × 0.32 mm × 0.5 μm) with a flame ionization detector. The temperature of the oven was 190 °C, while the temperature of both the injector and the detector was kept at 260 °C.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c02188](https://pubs.acs.org/doi/10.1021/acsomega.0c02188?goto=supporting-info).Map of the ReNHase gene (Figure S1) and gene sequence of synthetized ReNHase (Figure S2) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02188/suppl_file/ao0c02188_si_001.pdf))
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